Abstract
Introduction
Vancomycin associated acute kidney injury (vAKI) is a well known complication in pediatric patients. Identification and characterization of the incidence and risk factors for vAKI in the pediatric population would assist clinicians in potentially preventing or mitigating vAKI.
Methods and materials
A 6 year retrospective cohort study was designed. Patients were included if they were < 19 years of age, received vancomycin as inpatients, and had a baseline SCr and one other SCr drawn during and up to 72 hours after the discontinuation of vancomycin. Data collection included patient demographics, vancomycin doses and length of therapy, vancomycin serum concentrations, and concomitant medications. The Kidney Disease Improving Global Outcomes (KDIGO) criteria were used to characterize acute kidney injury. Descriptive statistical methods were used and ordinal logistic regression was employed to determine variables significantly associated with vAKI.
Results
A total of 7,095 patients met study criteria (55.4% male, median age 4.1 years (IQR 0.67-11.2 years)). Mechanical ventilation was used in 7.9% (n = 563) and mortality was 4.9% (n = 344). A total of 153 concomitant medications were identified. A median of 5 (IQR 3-7) SCr values were obtained and median SCr prior to vancomycin was 0.39 (IQR 0.28-0.57) mg/dL (CrCl 134±58 mL/min/1.73m 2 ). Vancomycin was administered for a median of 2 (IQR 1-3) days (14.9±1.6 mg/kg/dose). vAKI was present in 12.2% (n = 862: KDIGO stage 1 (8.30%, n = 589), KDIGO stage 2 (1.94%, n = 138) KDIGO stage 3 (1.89%, n = 134)). Mean vancomycin serum concentration at 6-8 hours after a dose for patients with vAKI (10.7±8.9 mg/L) was significantly, but not clinically different for patients with no vAKI (7.5±6.3 mg/L). (p<0.05) Ordinal logistic regression identified total dose of vancomycin, vancomycin administration in the intensive care unit, and concomitant medication administration as significant for vAKI. In particular, concomitant administration of several different medications, including PLOS 
Introduction
Vancomycin associated acute kidney injury (vAKI) is a commonly reported adverse event in pediatric patients receiving therapy with vancomycin. [1] [2] [3] Despite the widespread use of vancomycin in the pediatric population, and the known potential of nephrotoxicity, there is a lack of clarity on the etiology, true incidence, and risk factors for pediatric vAKI. [4] [5] [6] The reported incidence of vAKI ranges from 5-43% dependent on the patient population studied, the methodology used, and the criteria for vAKI. [1, 3, 5, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] ] The effect of patient specific variables, pathophysiology, and concomitant nephrotoxic medication use can also change the reported incidence of vAKI in the pediatric population. Additionally, there are conflicting views regarding the effect of vancomycin serum concentrations on the development of vAKI in pediatric patients. [3, 12, 16, 17, [19] [20] [21] [22] The early identification and prevention of acute kidney injury is important as the associated morbidity and mortality are significant. [23] [24] [25] Identification of particular patient or medication variables in pediatric patients receiving vancomycin can assist clinicians in preventing vAKI and improve patient outcomes. [9, 26] An evaluation of vAKI in the pediatric population is warranted.
We plan to characterize vAKI in the inpatient pediatric population and determine the significance of patient demographic variables, vancomycin serum concentrations, and concomitant medication administration on the development of vAKI.
Methods and materials
A retrospective, descriptive study was designed and institutional review board approval (IRB) was obtained through Baylor College of Medicine and affiliated institutions. Patients who received intravenous vancomycin at our institution were queried from the hospital electronic medical record system from January 1, 2011 -December 31, 2016. Data were fully anonymized after querying the electronic medical record system and the IRB waived informed consent. Patients were included if they received intravenous vancomycin while admitted as inpatients, were < 19 years of age, had a baseline serum creatinine (SCr) within 48 hours prior to initiation of vancomycin, and had at least one SCr drawn after initiation of vancomycin. Patients were excluded if they were undergoing renal replacement therapy at initiation of vancomycin therapy or were undergoing mechanical circulatory support. If patients had multiple admissions only the first admission was used. If multiple courses of vancomycin were prescribed, as defined by a 72 hour gap between vancomycin doses, then only data from the first course of vancomycin therapy was collected. Vancomycin is limited to 72 hours (3 days) for empiric therapy at our institution, and can be prolonged for patients with positive cultures or infectious disease consultation.
Data collection included patient demographics (age, gender, height, weight, and ethnicity), serum creatinine (SCr), vancomycin dose (mg and mg/kg), medical service, patient location in the pediatric or cardiac intensive care unit for doses of vancomycin (ICU), use of mechanical ventilation, vancomycin serum concentrations, and mortality. Concomitant medications which, based on clinical experience have been associated with acute kidney injury, included: antimicrobials, non-steroidal anti-inflammatories, vasoactive medications, diuretics, chemotherapy, calcineurin inhibitors, and radiographic contrast were recorded. Serum creatinine (SCr) values were collected as a baseline (within 48 hours prior to initiation of vancomycin) and up to 72 hours after the last dose of vancomycin therapy. Patients were considered to have undergone a cardiac surgical procedure if they underwent cardiac surgery within 7 days prior to initiation of vancomycin and cardiopulmonary bypass use was collected for these patients.
Doses of vancomycin per body weight were calculated. Body mass index and body mass index percentile (BMItile) were calculated, and obesity was defined as greater than 95 th percentile for age and gender. [27] Estimated creatinine clearance (CrCl) was calculated by the modified Schwartz equation. [28] The Kidney Disease Improving Global Outcomes (KDIGO) criteria were used to determine vancomycin associated acute kidney injury (vAKI) in the patient population based on change in SCr value as compared to the lowest SCr value in the previous 72 hours. [24] (Table 1) The lowest SCr value in the prior 72 hours was used, as opposed to admission SCr, as many patients are admitted with elevated SCr due to dehydration or other illness, and this would not represent a true baseline and would potentially underestimate vAKI incidence.
In order to determine a true association with vAKI, vancomycin dose, concomitant medication use and vancomycin serum concentrations were collected for the 72 hours prior to maximum SCr in vAKI patients and for the entire vancomycin course for non-vAKI patients. Serum vancomycin concentrations were categorized into 6-8 hours after a dose and 11-13 hours after a dose groups and were compared between patients in each KDIGO group. For purposes of analysis, vancomycin serum concentrations < 5 mg/L (the lower limit of detection) were considered to be zero.
Descriptive statistical methods were used (mean, standard deviation, median, interquartile range (IQR), and percent) as appropriate to determine the incidence of vAKI. Student's t-test, Wilcoxon-Rank Sum, and Fisher's exact were used for comparison of patient demographic and clinical variables in vAKI vs non-vAKI patients. Analysis of variance (ANOVA) with posthoc analysis and Kruskal-Wallis test were used to identify statistically significant differences between KDIGO stratifications.
Ordinal multivariable logistic regression analysis was performed to determine significant variables associated with vAKI. Included in the initial analysis were patient weight, gender, age, BMItile, days of mechanical ventilation, prior cardiac surgery and/or use of cardiopulmonary bypass, mortality, days of vancomycin therapy, dose of vancomycin (mg), number of SCr, baseline SCr, percent of doses received in the ICU, vancomycin serum concentrations at 6-8 hours after dose, and concomitant medications (antimicrobials, non-steroidal anti- 
Results and discussion
On initial query, 23,922 patient admissions received vancomycin as inpatients at our institution. After inclusion and exclusion criteria were applied, a total of 7,095 patients met study criteria (55.4% male). The median age was 4.1 years (IQR 0.67-11.2 years) and 41.7% (n = 2949) were Hispanic. Obesity was present in 17.1% of patients 2-18 years of age. Patients were primarily admitted to pediatric hospital medicine (21.9%, n = 1550), hematology/oncology (17.9%, n = 1270), critical care medicine (12.3%, n = 872), cardiology/cardiovascular surgery (9.6%, n = 682), neonatology (8.9%, n = 633), and pulmonary medicine (4.4%, n = 311) services. Mechanical ventilation was used in 7.9% (n = 563) of patients for a median of 2 (IQR 1-3) days while patients were receiving vancomycin. Cardiovascular surgery occurred prior to vancomycin initiation in 4.8% (n = 342) of patients, and cardiopulmonary bypass was used in 1.2% (n = 122). A total of 153 concomitant medications were identified. (S1 Table) . Mortality Patients received vancomycin for a median of 2 (IQR 1-3) days for a median of 7 (IQR 4-9) doses at a mean of 14.9±1.6 mg/kg/dose. The majority of patients (81.3%) received vancomycin for 3 days or less (as per our institutional protocol). A median 0% (IQR 0-100%) of doses of vancomycin were administered in the pediatric intensive care unit or cardiac intensive care unit, reflecting that the majority of vancomycin doses were administered outside of the intensive care unit.
A total of 4,192 serum vancomycin concentrations were drawn at a mean of 7.0±3.6 hours after a dose with a mean serum vancomycin concentration of 9.6±7.7 mg/L. When vancomycin serum concentrations were categorized, 1235 patients had one or more serum concentrations sampled between 6-8 hours after a dose (mean concentration 7.9±6.8 mg/L) and 207 patients between 11-13 hours after a dose (mean concentration 9.9±7.5 mg/L).
vAKI was present in 12.2% (n = 862) of the patient population, with KDIGO stage 1 comprising the majority of the vAKI (8.30%, n = 589), followed by KDIGO stage 2 (1.94%, n = 138) and KDIGO stage 3 (1.89%, n = 134). Comparison of patient demographic variables demonstrated statistically significant differences. (Table 2) . No patients went on to renal replacement therapy due to vAKI.
Graphs of vAKI for any KDIGO stage, and stages 1, 2, and 3 were developed to determine vAKI incidence by day of vancomycin therapy for up to 14 days of vancomycin therapy. (Fig  1) The majority of patients who experienced vAKI had maximum KDIGO All serum concentrations included were prior to maximum KDIGO status. Serum concentrations measured at 6-8 hours after a dose were significantly higher in patients with KDIGO 1, 2, and 3 as compared to patients with no vAKI (p<0.05) and serum concentrations were significantly higher in patients with KDIGO 3 as compared to patients with KDIGO 1 (p<0.05) and KDIGO 2 (p<0.05). (Table 3) In patients with serum concentrations measured at 11-13 hours after a dose, patients with KDIGO 3 had significantly higher serum concentrations than patients with no vAKI or KDIGO 1 (p<0.05). (Table 3) Stepwise ordinal multivariable logistic regression analysis was performed and identified variables that were significantly associated with vAKI. (Table 4) The only significant patient variable for increasing odds of vAKI was admission to the intensive care unit while receiving vancomycin. (p<0.05) The dose of vancomycin (mg/dose) was significantly associated with vAKI. (p<0.05) Concomitant medications which were associated with increased odds of vAKI the model but resulted in lack of model convergence. Therefore, comparisons of patient serum vancomycin concentrations were made between patients with concomitant medications that were significant for vAKI in the multivariable model and all other patients, and these concentrations at 6-8 hours (n = 1235) (7.8±6.3 vs 7.9±7.1 mg/L, p = 0.79) and 11-13 hours (n = 207) (10.5±8.5 vs 9.2±6.9 mg/L, p = 0.26) were not significantly different between these two patient groups.
We have reported the largest cohort of pediatric patients receiving vancomcyin to date examining the incidence and factors associated with vAKI. The incidence of vAKI was 12.2% in our population, and for those patients receiving more than 3 days of vancomycin was 19.9%, which is similar to other reports of vAKI in the pediatric population. [3, 29] It should be noted that moderate vAKI (KDIGO Stage 2) and severe vAKI (KDIGO Stage 3) were infrequent, with only 1.84% and 1.89% of the study population, respectively, with no patients proceeding on to renal replacement therapy after vancomycin therapy was completed. Based upon these data, we would suggest that the incidence of moderate to severe vAKI is low in the pediatric population and occurs early at approximately 72 hours of vancomycin therapy.
The multivariable analysis identified variables that should be considered for future investigations and current patient care. Patient variables, including body habitus, patient weight, and age, were not significant for vAKI though prior publications have associated obesity with increased incidence of vAKI. [30] Our previous investigations have identified that obese patients do not have higher serum concentrations of vancomycin, but would have a greater total exposure of vancomycin when dosed by body weight. [31] Dose of vancomycin was significant, which suggests that greater individual doses of vancomycin may be a more significant factor for vAKI as compared to serum concentrations, which has been noted in prior publications. [18] This suggests that higher individual doses of vancomycin are more likely to lead to vAKI, independent of serum concentrations.
The serum vancomycin concentrations identified that were associated with KDIGO Stages were much lower than what is typically considered as a risk factor for vAKI. Although the differences were significant, the mean vancomycin serum concentration value at 6-8 hours after a dose (which would be a typical time for monitoring of trough concentrations) for a patient with KDIGO Stage 1 was 9.7±8.1 mg/L and for KDIGO Stage 2 was 11.4±10.1 mg/L. Both of these mean values have a wide standard deviation and are considerably lower than the often cited 15 mg/L for prevention of vAKI. [12, 21, [32] [33] [34] We sought to minimize the concerns of causation versus outcome by collecting serum vancomycin concentrations in the 72 hours prior to vAKI, and to collect values at particular times after a dose, rather than a trough concentration, to capture data from those patients who may have been receiving non-scheduled vancomycin dosing due to real or perceived pre-existing kidney dysfunction. [20] Therefore, we were unable to evaluate serum concentrations at specifically at steady state, and values sampled at steady state may be different than what we have been able to capture.
Strategies to prevent vAKI should likely not focus on serum concentration monitoring but on other related factors. A vancomycin serum concentration of~10 mg/L has been cited as the goal concentration to achieve an AUC:MIC ratio of >400 in the pediatric population for efficacy. [35] This serum concentration is similar to the mean concentrations identified in our analysis at 6-8 hours and 11-13 hours after a dose, in patients with and without vAKI. Reduction in serum concentrations to prevent vAKI would risk therapeutic failure and undesirable clinical outcomes. Vancomycin serum concentrations do not appear to be directly related to vAKI and 15 mg/L as a breakpoint for vAKI does not appear to be warranted. We would advocate monitoring of SCr or other novel kidney injury biomarkers as opposed to serum vancomycin concentration monitoring to prevent or minimize vAKI in pediatric patients receiving vancomycin.
Several expected variables were associated with vAKI, as reported by other investigators, and give credence to the analysis. Receipt of vancomycin in the intensive care unit was not unexpectedly related to vAKI, as was the concomitant use of vasoactive medications such as calcium chloride continuous infusion and alprostadil continuous infusion. The impact of intensive care unit admission was likely mitigated by the incorporation of variables typically associated with critical illness, such as mechanical ventilation, cardiac surgery, and vasoactive medication use. These medications would primarily be used in patients with hemodynamic instability or low cardiac output, particularly the neonatal population, and could be considered surrogate markers for decreased kidney perfusion. The use of known nephrotoxic medications, such as sirolimus, colistimethate, tacrolimus, and amikacin were identified in our analysis and would be expected to increase the incidence of vAKI in patients receiving these medications concomitantly with vancomycin. [36] Other medications noted as significant that would not typically be known to contribute to vAKI were cefoxitin and pegaspargase, but these were present in very small numbers with wide confidence intervals, and their impact on vAKI is questionable and should be interpreted with caution.
Unique findings to our analysis include the association of other antimicrobials with vAKI. The multivariable analysis identified the significance of concomitant use of piperacillin/tazobactam (p = 0.001), nafcillin (p = 0.008), and clindamycin (p = 0.033) use of with vAKI. The association of other antimicrobials with vAKI that are not typically considered nephrotoxic should not be immediately discounted or speculated to have been due to underlying patient factors and pathophysiologies that were not captured in the multivariable analysis and require further study. [37] The analysis we have performed is in agreement with recent reports of piperacilln/tazobactam associations vAKI, which has only been recently identified. [38, 39] The strength of the associations of nafcillin and clindamycin with vAKI warrant that the use of nafcillin or clindamycin with vancomycin should be investigated further.
Conspicuously non-significant is concomitant aminoglycoside use (excepting the small number of patients who received amikacin) as associated with vAKI. Prior publications have noted that in neonates the combination of gentamicin and vancomycin was no more nephrotoxic than either agent as monotherapy, while data in adults has demonstrated that combination therapy was more likely to lead to acute kidney injury. [40, 41] Practitioners may have been more vigilant in patients who were receiving both medications and limited exposure to both to prevent acute kidney injury. Similarly, the protective effect of cefepime and cytarabine is likely related to institutional protocols and provider practices. Cefepime and vancomycin are first line agents for febrile neutropenia at our institution, and are administered with aggressive hydration, which could potentially decrease SCr concentrations.
The concomitant use of dopamine was also idenitified to have a protective effect for vAKI. The majority of published data, which is primarily in adults, has concluded that dopamine does not prevent acute kidney injury or hasten the recovery period after acute kidney injury. [42, 43] However, other publications have described an increase in urine output in patients receiving dopamine. [44] We have previously described the ability of fenoldopam, a dopamine receptor agonist, to increase urine output in critically ill patients. [45] There is theoretical potential for increased clearance of vancomycin, and decreased risk of vAKI, in patients who have received dopamine, but this is only speculation and would need to be validated.
Unusual to our analysis is the finding that concomitant acetazolamide use had a strong association with vAKI. Acetazolamide inhibits carbonic anhydrase in the renal tubule, reverses secretion of hydrogen ions, alkalinizes urine, and increases the secretion of sodium, potassium, bicarbonate, and water. [46] The mechanism for vAKI is not completely understood, though current literature supports the concept of free radical generation, oxidative phosphorylation, mitochondrial dysfunction, and cellular apoptosis in the lumen of the kidney. [6] The etiology of vAKI in the presence of acetazolamide should be investigated.
The limitations to this review are those germane to all retrospective evaluations and thorough evaluation of these results prior to application in practice is necessary. We believe that our analysis is representative of the inpatient pediatric population, but do realize that this is a single center evaluation and practices in dosing, monitoring, and empiric use of vancomycin will vary depending on institution. We did not evaluate intensity of nephrotoxic medication exposure, which has been shown to increase the incidence of acute kidney injury in pediatric patients, as one of the goals of the manuscript was to identify individual medications which are associated with vAKI. [47] While SCr monitoring is a common clinical practice at our institution in patients receiving vancomycin, we have likely selected for higher acuity patients who had more frequent SCr monitoring. The types of medications and dosing strategies for these medications used concomitantly with vancomycin will also vary at differing institutions with different formularies. We also recognize that we only used SCr as a marker of vAKI and addition of urine output would likely capture a higher incidence of vAKI. [25] We did not include a control group of patients who were not exposed to vancomycin for comparison due to the potential for confounding by indication. Patients who receive vancomycin would potentially be at higher risk of developing acute kidney injury, than those who did not receive vancomycin, based on underlying pathophysiologies and indication for vancomycin. Evaluation of patient pathophysiology is critical in determining the risk of developing vAKI and should be part of the strategy for pharmacotherapy with vancomycin. Further investigations into vAKI in the pediatric patient population should focus on underlying pathophysiologies and characterize vAKI using newer technologies and biomarkers.
Conclusions
Moderate to severe acute kidney injury associated with vancomycin is infrequent in the pediatric population and is often associated with critical illness, concomitant medication administration, and total amount of vancomycin exposure. Monitoring of serum vancomycin concentrations to prevent acute kidney injury is of questionable benefit. 
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